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Abstract 
High-pressure die casting of zinc alloys is increasingly used in the manufacturing of parts with high aesthetic 
value. These parts must comply with strict requirements on surface quality, which are generally overlooked 
in traditional mechanical applications. Cold flow defects, which are a primary concern for surface quality, 
originate from several different causes that have not yet been fully understood. This report investigates the 
factors that influence cold flow defects and the choices that can lead to an improvement in surface quality. 
The research method is based on a case study performed at a die casting company. First, an existing process 
has been analyzed using simulation to explain the causes of cold flow defects observed in production 
samples. The temperature at the end of the cavity fill has emerged as a key index for the occurrence of 
defects, which can be controlled by three primary process parameters: injection velocity, temperature of the 
cooling medium, and lubricant spraying time. These same factors are then assessed using experimental tests 
on an existing die, where the number of defects in the selected regions of the casting has been evaluated by 
image processing. The results suggest that the surface quality can be particularly improved by increasing the 
flow rate of the molten metal through the gates and avoiding excessive flow turbulence in the wide cavity 
sections. Consequently, the increase in the gate area has been identified as a specific criterion for the die 
design. These findings have been validated in the redesign of the die and the selection of the process 
parameters, which have resulted in a significant reduction in the surface defects. 
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1 Introduction 
Traditionally used to manufacture functional parts for frames and mechanisms, high-pressure die casting is 
increasingly being used to fabricate aesthetic parts in various products, including cars, lighting devices, 
pieces of furniture, household appliances, and fashion accessories. Zinc alloys [1] are widely used for these 
applications due to their high fluidity in the molten state, high solidification rate and low thermo-chemical 
aggressiveness on the die. Such properties allow them to reproduce thin walls and fine details with low 
shrinkage porosity and good surface finish while keeping process and tooling costs to a minimum. 
Additional requirements for ornamental parts include low roughness (surface finish) and lack of visible 
defects (surface integrity). Although both properties are needed for product acceptance, surface defects are 
critical because they are enhanced by certain coating processes (e.g., electroplating) and are difficult to 
remove by polishing or tumble finishing [2]. Therefore, a high surface integrity must be directly achieved as 
a result of the die casting process at a reasonable compromise of the operating costs. Thus, it is essential to 
understand the root causes of the defects occurring during cavity filling and early solidification phases (cold 
flow defects). These defects depend on several process variables, whose effects and interactions are only 
partially explained [3, 4]. 
The current study analyzes potential strategies to reduce cold flow defects in zinc die castings, selects the 
most effective ones and verifies their practical application. This report focuses on certain aspects that have 
not yet been widely discussed, such as the predictability of defects through simulation, the experimental 
evaluation of the number of defects, and the explanation of the interactions among the process parameters. 
The study is based on an industrial case, where it can be demonstrated that the cold flow defects can be 
reduced through general criteria derived from the simulation and experimental tests. 
In the next subsections, the specific objectives of the study are discussed after reviewing a few fundamental 
issues related to surface integrity from the available literature. 
 
1.1 Background and literature 
The general guidelines for the diagnosis of defects in die castings are provided in several textbooks and 
technical papers, e.g. [3-6], and with explicit reference in certain cases to the hot-chamber process for zinc 
alloys [7, 8]. The objective of developing corrective actions for a wide range of situations has led several 
researchers to thoroughly investigate the formation and the control of defects. Most of the focus has been on 
the structural defects and the surface defects from die wear, which are beyond the scope of this report; citing 
only a few references from a broad range of literatures, they include gas and shrinkage porosity [9], 
degradation of mechanical properties [10, 11], and soldering, heat checking and erosion [12, 13]. 
Cold flow defects at various degrees of severity are significantly more relevant for aesthetic parts in zinc 
alloys, e.g., color alterations (flow marks) micro-cavities (shotting), narrow grooves (cold shuts) and 
catastrophic fill failures (laminations, misruns). These defects are commonly caused by the premature 
solidification of metal during the cavity fill, which prevents different metal streams from welding completely 
[7]. The cold flow defects are exacerbated by atomization, metal oxidation and entrapment of die lubricant 
residues, and they are not easily removed during polishing or leveled by protective coatings, which instead 
tends to enhance them into sharper, more visible flaws. 
Similar to any type of casting defect, cold flow defects have metallurgical causes that emphasize the role of 
molten metal fluidity [14]. This topic has been studied with a particular focus on melt handling procedures 
[15] and the control of the alloy compositions [16]. The fluidity of the zinc alloys has been shown to depend 
on the contents of certain alloy elements (aluminum and magnesium) and contaminants (iron, lead, tin, and 
cadmium), with the proposal of optimized compositions [17]. 
Understanding the phenomena that occur during the cavity fill is a prerequisite to any hypothesis on the 
formation of cold flow defects. If the cavity were completely filled before the start of solidification, the 
thermal gradient across the wall thickness would create a uniform solidification front with perfect welding of 
the opposing metal streams (Fig. 1a). However, a thin solid layer is likely to develop immediately in the last 
places to fill, where the alloy has a lower temperature; when the molten metal fills the voids among the solid 
layers, its fluidity may be insufficient for it to be completely welded to previously solidified regions (Fig. 
1b). This results in small surface depressions, which degenerate into cracks (cold shuts) due to solidification 
shrinkage and melt pressure from inside. Atomization can have an additional influence because tiny droplets 
are more prone to premature solidification, resulting in point-like defects (shotting). Turbulence and 
obstacles to the flow as well as contaminants (lubricant, oxide) could influence the size of the defects and 
extend them to wider areas (flow marks). 
Based on the above evidence, one fundamental objective is to identify the conditions that lead to visually 
unacceptable defects. The available results are derived from experimental investigations on aluminum alloys. 
In [18], it is stated that surface defects are correlated to the heat transfer coefficient between the alloy and the 
die, which depends on oxidation and turbulence. In [19], the defects are shown to occur below a threshold of 
the die surface temperature. In [20], tests with different injection temperatures indicate that the formation of 
a slurry of dendrites (mushy solidification) cause long-freezing alloys to be less prone to cold flow defects; 
for short-freezing alloys, the criticality seems to depend on the thickness of the early solidified layers (with a 
possible threshold of approximately 0.2 mm). 
One additional conjecture, which will be discussed in the current study, is that cold flow defects occur when 
the metal temperature at the end of the cavity fill, which can be estimated by simulation, decreases below a 
given threshold. In literature, simulation has been proposed as a tool to predict the occurrence conditions of 
different types of die-casting defects. Fill simulations are demonstrated on zinc alloys in [21] without explicit 
reference to the cold flow defects. Elsewhere, researchers have focused on aluminum and magnesium alloys, 
which are more commonly used for automotive structural parts. The simulation results are primarily 
concerned with the fill pattern [22], air entrapment in the shot sleeve [23, 24], shrinkage defects in the hot 
spots [25, 26], and microstructural defects affecting the tensile properties [27, 28]. With the exception of a 
single attempt to optimize the process parameters and avoid long fill times [29], few simulation studies have 
a direct relation to the cold flow defects. This lack of research is due to the difficulty of the Eulerian 
approaches in simulating free flows with high turbulence and atomization, which are likely to be critical for 
the cold flow defects. A few Lagrangian approaches have thus been tested and developed into prototype 
software tools, including smoothed particle hydrodynamics [30] as well as a droplet formation model based 
on the balance of surface tension, pressure and drag forces [31]. 
Another question that arises is how to measure the number of surface defects. As noted in [32], surface 
roughness does not consider the numerous types of defects that affect the visual appearance of die castings. 
Image processing techniques, which are also used in this study, have already been proposed for the creation 
of defect catalogues [33] and the detection of sub-surface defects after machining [34]. The scanning of 
casting surfaces by laser triangulation has been used in [35] for a three-dimensional reconstruction of the 
defects. Die surface temperature, which is known to be correlated to several types of quality issues, including 
cold flow defects, has been measured using thermocouples [36] and infrared thermography [37]. 
The influence of the process parameters on certain types of defects has been investigated through 
experimental plans guided by statistical methods or models based on neural networks. Although most studies 
are focused on porosity, e.g. [38], the quality measures considered in certain cases are somehow related to 
the cold flow defects, such as the complete cavity fill and surface roughness. In [39], the need to avoid 
misruns in zinc castings leads to optimal combinations of metal and die temperatures as well as injection 
pressure. In [40], similar results were achieved for aluminum alloys. In [41], the roughness of die-cast 
specimens in a magnesium alloy is shown to depend on factors related to filling (slow and fast shot 
velocities, and die temperature). The quality response tested in [42] is an index related to the overall number 
of the different types of surface defects (misruns, cold shuts, hot cracks, and soldering). 
As discussed in the following sections, nearly every aspect of the die casting process plays a role in the 
prospective strategies used to reduce the cold flow defects. The injection parameters (operating pressure, 
plunger velocity, plunger diameter, and gate area) have been set through methods based on the simplifying 
assumptions of the melt flow, such as the PQ2 diagram and its modifications [43]. The optimal size and 
location of the runners and gates has been investigated through rules [44], predictive models [45], and CAD-
based procedures [46, 47]. Internal cooling systems have been optimized using simulations and experimental 
tests for different design issues, including the heat transfer coefficient between the die steel and the cooling 
medium [48], size of the channel sections [49], use of non-circular and variable-size channels [50], use of 
high-conductivity die materials [51], and design of conformal channels in the tool inserts [52]. External 
cooling has been studied using the temperature and thermal flow measurements of the heated specimens in 
hot-worked steel [53] or a heat flux sensor [54] to identify operating windows of the die surface temperature 
and the die spray parameters. The amount of backpressure due to inadequate venting has been calculated as a 
function of the vent area [55], vent thickness [56] and fill time [57]; the use of vacuum systems has been 
occasionally considered for backpressure calculations [58] along with broader discussions of its advantages 
and limitations [59]. 
 
1.2 Objectives 
It is apparent from the above review that the cold flow defects in die castings have been studied less 
compared to other types of defects, which are related more to the structural requirements of traditional 
destination sectors. The few available studies report experimental results on aluminum and magnesium 
castings, which have considerably different physical properties than those of zinc alloys. Due to the 
complexity of the phenomena that are thought to cause cold flow defects (turbulent and atomized flow, 
cooling, solidification and possible remelting, oxidation, and mixing with lubricant), defect reduction 
strategies cannot be immediately extended among different materials, which justifies the interest towards 
collecting data and criteria for alloys that are more suitable to applications with high aesthetic requirements. 
In addition to exploring possible material-dependent issues, the current study is focused on design choices 
that can help reduce the cold flow defects. A few specific objectives can be formulated in this direction: 
• understand how the occurrence of cold flow defects can be predicted through the simulation of the die 
casting process in addition to other types of defects discussed in literature; 
• identify the process parameters with the most influence on cold flow defects and explain their effects 
with consideration of possible interactions (typically neglected even if potentially relevant due to the 
coupling of thermal and fluid flow phenomena); and 
• formulate a set of criteria that could help avoid cold flow defects in the product and die design process so 
that the surface quality of castings do not rely entirely on the search for the optimal settings of the 
process parameters.  
 
2 Materials and methods 
The die-casting process for a product with strict requirements of surface quality was used as a reference. In 
the first phase, starting from an existing configuration of the die and process, a simulation was used to 
identify the causes of defects in selected regions of the casting. After contemplating the process parameters 
that could be involved, the attention was focused on a limited set of influential factors to be experimentally 
tested on sample process batches. The effects of different combinations of factors were evaluated by 
measuring the amount of surface defects through image processing. Although the selections in each phase 
were guided by the results of the preceding ones, the development of the work as a whole is reported below, 
and the description of the results for individual phases are provided in the next section. 
 
2.1 Reference case 
The part in consideration (Fig. 2) is the outer casing of the boiler assembly for a commercial espresso 
machine, and it is manufactured for nearly 5000 pieces per year by Bruschi SpA (Abbiategrasso, Italy). The 
material used is Zamak 5 (ASTM AC41A, UNS Z35531), and the average wall thickness is 3 mm. The part 
is produced on a 2200 kN hot-chamber die-casting machine with a plunger diameter of 80 mm. The die (Fig. 
3a) has a single cavity machined in two inserts of H11 hot-work steel (DIN 1.2343), which has a front size of 
260 × 290 mm and a height of 165.5 mm (ejector die half, Fig. 3b) and 120 mm (cover die half, Fig. 3c). The 
gating system consists of a sprue and four tangential runners in the central aperture of the part. The cavity 
has six overflows, four of which are connected to two vacuum valves activated immediately before the start 
of the fast shot stage. 
The initial set of process parameters includes a metal temperature of 420°C (compared to a melting range of 
380-386°C), operating pressure of 26 MPa, and fast-shot plunger velocity of 0.76 m/s. The die is internally 
cooled by oil at 130°C in the cover die half and water at 20°C in the ejector die half; the cooling system 
includes five circuits and a tube-style fountain (Fig. 3d). A die lubricant is sprayed through die-mounted 
nozzles for 0.4 s. The dwell time is 5.5 s within a total cycle time of 24 s. The secondary phases after die 
casting include manual trimming, tapping of screw holes, polishing and electroplating. 
During early production runs, a visual inspection revealed the frequent occurrence of cold shuts in well-
defined zones on the top side of the casting, which are denoted as 1, 2, 3 and 4 in Fig. 4a. The defect is 
shown over a wide area of zone 4 in Fig. 4b, and with 10x magnification in Fig. 4c. The cold shuts cannot be 
leveled in the polishing phase and remain partially visible after electroplating. Additional surface defects 
eliminated in earlier production tests included deposits from the lubricant buildup in zone 5 and visible flow 
lines due to turbulence in zone 6. An increase in the die temperature was not suitable to avoid the above 
defects due to the risk of warping, which is critical for the position accuracy of screw holes 7 and 8. 
These types of defects are typically attributed to several causes. Excluding the defects related to material and 
geometry (e.g., alloy composition, melt cleanliness, and flow distance), there are primarily three process-
related causes. First, a small fraction of the metal solidifies before the end of the fill and does not completely 
weld with regions that solidify later; this problem can arise under several conditions, which include low 
metal temperature, overcooling of the die, and long fill time due to insufficient metal flow rate during 
injection. Secondly, flow detachments and impacts can occur in a turbulent flow of coarse droplets; this 
condition is related to insufficient atomization, which is favoured by low gate velocity and air backpressure 
due to poor venting. Lastly, the flow can be contaminated by oxide as well as vapor and combustion 
residues; the latter two are related to die lubrication issues, which include excessive amounts, buildup in 
cavity recesses, incomplete evaporation of the water fraction (due to low die surface temperature) and coking 
of the oil fraction (due to high die temperature, unlikely for Zamak alloys). The above issues involve a large 
number of variables, each of which is subject to compromises with other needs of the process (e.g., 
protection against die erosion, soldering, and drags). 
 
2.2 Process simulation 
The premise for achieving a good surface integrity of the die castings is that cold flow defects can be 
predicted using simulations of cavity fill under different process parameters and die configurations. Although 
flow simulation is primarily used to predict misruns and porosity, it also provides estimates of certain 
parameters that are thought to be related to cold flow defects, which include metal and die temperatures, 
magnitude and direction of the metal velocity, flow distance, and location of regions that fill last. This output 
could be used for predicting defects provided that the threshold values or the critical combinations of the 
simulated parameters are identified. In the case under consideration, these can be determined by comparing 
the simulation results with the number and position of the actual defects in the product samples. 
Thus, a computer model of the process was built using the MAGMA 5 simulation software. It included a 
finite-volume mesh of the cavity and the cooling system as well as the specifications of the die casting 
machine and the initial setting of the process parameters. The high detail and resolution of the model was 
intended to achieve the best reasonable accuracy to estimate the flow and cooling patterns during the cavity 
fill. However, the following simplifying assumptions were inevitably accepted due to computational 
constraints: a) the die spray is only modeled through an a priori estimate of its cooling effect (15°C per 0.1 s 
of spraying time) without considering the additional effects due to buildup, film boiling and chemical 
reactions with the molten metal; b) the cooling medium is assumed to have a constant temperature in the 
channels as well as a constant heat transfer coefficient regardless of possible scale deposits; c) the secondary 
heat transfer mechanisms, such as conduction and convection to the surrounding air, are neglected; d) only 
one process cycle is simulated, even though a thermal steady state is expected to be achieved in as many as 
10-15 cycles; and e) the metal viscosity is assumed to depend only on temperature, thus neglecting additional 
effects such as turbulence and multiphase flow (liquid, solid, vapor, and entrapped gas). 
 
2.3 Experimental tests 
As discussed in the next section, the simulation has helped establish tentative priorities among the solutions 
that are typically suggested to reduce the cold flow defects. To confirm these insights, process tests were 
performed under different settings of the die-casting machine. Cast parts were inspected to estimate the 
effects of the process parameters on the number of defects. Although limited to a specific part geometry, 
these effects were interpreted based on concepts that could also apply to a broader class of zinc die castings. 
The tests were conducted using the same die and process settings as those in the early production runs. Three 
process parameters were analyzed as possible influence factors: a) fast shot plunger velocity v, which 
determines gate velocity and fill time for a given gate area; b) average temperature of the die surface, which 
is indirectly determined by the type of cooling medium used for the cover die half and the associated 
temperature T; and c) quantity of die lubricant sprayed on the die surface after ejection, which is indirectly 
determined by the spraying time tL for a given number and arrangement of spray nozzles. For each factor, 
two levels were approximately selected as the extremes of its acceptable interval. For each combination of 
levels, the machine was operated for 15 transient cycles to reach thermal stability and for additional 5 cycles 
to produce sample castings. In each casting, the number of cold flow defects was evaluated at the four 
positions P already noted as critical in Fig. 4a. The entire experiment resulted in a full factorial plan with 4 
factors, as described in Tab. 1, for a total of 32 treatments and 160 observations. A complete randomization 
of the test sequence could not be achieved because it would have required an unreasonable number of starts 
and transient cycles on the machine. 
For a quantitative evaluation of the cold flow defects, digital images of the samples were collected under 
repeatable lighting conditions at the four positions. Except for positioning errors, each image reproduced the 
same area of the selected zone on the part surface (e.g., zone 3 in Fig. 5a). The images were analyzed using a 
software procedure, which counted the pixels with a lightness value (arithmetic mean of the maximum and 
minimum RGB values) at a given difference to a reference value for the same zone (Fig. 5b). The percentage 
D of those pixels over the part surface in the image is selected as an index of the number of defects. 
 
3 Results 
The results of the simulation and the experimental tests on the reference case are reported below along with a 
discussion of how they can lead to possible strategies to reduce the cold flow defects. 
 
3.1 Simulation results 
The simulation model has been used to evaluate certain parameters over the entire cavity and compare them 
to the actual distribution of the defects. A first observation was related to the metal velocities at the 
beginning of the fill. Fig. 6a indicates that the gate velocity is relatively low (5-10 m/s), which is most likely 
due to a delayed fast shot; this can result in a long fill time and a high turbulence once the fast shot stage 
begins. Then, as indicated in Fig. 6b, the gate velocity increases to extremely high values (over 60 m/s), 
which could cause splashing and die erosion; this is most likely due to undersized gate cross-sections. It can 
also be noted that a few of the vacuum channels are clogged too early by the metal from the nearby gates; the 
poor air venting could influence the flow due to backpressure and oxidation. All of the above issues (long 
fill, turbulence, splashing, and oxidation) are possibly related to the cold flow defects, such as shotting and 
cold shuts, which can thus be predicted from the first steps of the simulation. 
At the end of the fill, it was expected that a few parameters would have abnormal values in the defective 
areas of the casting. This result was verified for the following outputs: a) air pressure and air volume fraction 
in the molten metal, possibly related to the backpressure and turbulence; b) flow length from the sprue, 
possibly related to the temperature drop and premature solidification; and c) average time of contact for the 
melt with air, possibly related to excessive oxidation. However, none of outputs demonstrated distributions 
correlating to the actual location of the defects, which indicates that the involved issues have a secondary 
influence on the occurrence of the cold shuts. 
Fig. 7 presents a simulated distribution of the metal temperature at the end of the cavity fill, which is 
estimated to occur after 25 ms. This parameter appears to be clearly correlated with the defects observed in 
the samples. The temperature is still close to the initial 420°C everywhere, except in zones 1, 2, 3 and 4 of 
Fig. 4a, where it decreased to approximately 405°C, where streams from different gates meet, and 
approximately 395°C, where heat removal is enhanced by a higher surface-area-to-volume ratio. This result 
suggests that premature solidification is a better indication for cold flow defects compared to other issues 
(oxidation, entrapment of lubricant residues, backpressure, and turbulence). A less easy task is to establish a 
threshold for the metal temperature with respect to the occurrence of defects, which may possibly be higher 
than the liquidus temperature (386°C) due to simulation uncertainties. A few cold shuts are located where the 
molten metal has used only a small fraction of its superheat (15°C out of nearly 35°C). 
The inconsistency between the temperature values and the defects from the premature solidification can be 
explained by the above discussed secondary effects and specifically the turbulence induced in the flow by the 
impacts and bends. As revealed by the evolution of the metal temperature during the fill in zone 4 (Fig. 8), 
collisions between the streams from different gates causes backfills, which delay the draining of molten 
metal into the overflow. In addition to turbulence, this effect can promote the formation of droplets, which 
tend to freeze rapidly and may thaw again when reached by the primary flow. 
Thus, die cooling is likely to be a key driver for the cold flow defects. Injection pressure and plunger velocity 
may be additional influencing factors because they determine the operating point of the machine-die system 
and keep it away from critical conditions. When trying to verify the relevance of these parameters using 
simulation, different levels of operating pressure (22 and 26 MPa) were found to produce extremely similar 
flow patterns and temperature distributions. However, the relevance of the plunger velocity was confirmed 
through simulations with fast shot velocities of 0.6 m/s (Fig. 9a) and 2 m/s (Fig. 9b), which resulted in 
different gate velocities. The distributions of the metal temperature at the end of the fill are extremely 
different, and potential critical conditions are detected at the low velocity. At equal cooling parameters, the 
temperatures in the flow junctions (circled in the figures) decrease on average by nearly 5°C for a 0.5 m/s 
decrease in the plunger velocity. 
 
3.2 Experimental results 
The number of surface defects measured on all of the samples in the experimental plan is presented in Fig. 
10 and Fig. 11 for two levels of lubricant spraying time. Each plot includes the individual values and the 
95% confidence intervals of D at the four positions. 
Comparing the left and right plots for each temperature level, it is clear that velocity has the largest effect 
among the analyzed factors. An increase in the velocity yields a reduction in the cold shuts because the 
molten metal has less time to cool and solidify through the gates and within the cavity; a secondary reason 
may be the additional heat supply in the metal due to the higher energy losses. Although it is less effective, 
cold flow defects can also be controlled by reduced die cooling. Although the chance of premature 
solidification depends on both the internal and external cooling, a lower amount of die spray is preferable 
because it has the additional effect of reducing metal contamination. 
Comparing the top and bottom plots for each velocity level, an interesting interaction effect can be noted. If 
the fill time is kept short using a fast injection (right plots), a higher die temperature from the weaker internal 
cooling yields a considerable reduction in the defects. Conversely, with a longer fill time due to a slow 
injection (left plots), an increase in the die temperature can be detrimental to the surface integrity. Although a 
possible explanation of such behaviour using geometrical considerations will be provided later, it can be 
noted that in the latter condition, a reduced amount of the die spray (otherwise nearly irrelevant) slightly 
improves the surface integrity, most likely due to lower contamination issues. 
An inspection of the individual plots allows a comparison of the defects in different positions, thus helping 
include the part geometry in the interpretation of the results. On average, the edge close to the gates on the 
central aperture (zone 1) is the most affected by the flow defects while the narrow web on the rear (zone 3) 
has a comparatively better surface quality in spite of its unfavourable surface-area-to-volume ratio. 
Considering the order in which the molten metal reaches the four zones based on the simulation (1, 3, 2, 4), it 
is doubtful that the above evidence is related to the position of the individual zones. Thus, it can be 
conjectured that the surface quality is affected by the turbulence, which is most likely lower in the web than 
in the main cosmetic surfaces (zones 2 and 4) due to the smaller cross section and higher at the edges due to 
the abrupt change in thickness from the gates to the part walls. 
Although the random variation of the values within each treatment is notably small, statistical tests were 
performed to confirm the significance of the factors and their interactions. An analysis of the variance (Tab. 
2) has indicated that the two factors v and T have significant individual effects and pairwise interaction while 
tL has only a significant interaction with T. Despite the failure of the normality test on the residuals, which is 
most likely due to the non-random effect of P, the test satisfies all remaining statistical conditions for 
validity (homogeneity of variance by Levene’s test, lack of dependence on fits and individual factors, and 
lack of autocorrelation). 
For a deeper analysis of the geometrical effects, four subplans were extracted from the entire experimental 
plan that only considered tests conducted with a minimum die spray (tL = 0.1 s), which are more consistent 
than the typical settings. Each subplan includes half of the tests performed on each zone and is a 22 full 
factorial plan for the two factors v and T. The analyses of the variance for the individual subplans satisfy all 
needed conditions of the residuals (normality by Anderson-Darling’s test, homogeneity of variance by 
Bartlett’s test, lack of dependence on fits and factor values, and lack of autocorrelation). In nearly all of the 
cases, the primary effects and the interaction of the two factors were found to be significant. The minimum 
number of cold flow defects is invariably associated to the same setting, corresponding to a weak internal 
cooling and a short fill time. However, the interaction plots in Fig. 12, which compare the means at each 
combination of temperature and velocity, show slightly different patterns in the four regions of the casting. 
The wide walls in zones 2 and 4 indicate a better surface quality at a higher die temperature irrespective of 
the fill time: this behaviour is what is expected, even though the interaction between v and T may or may not 
be significant without any easy explanation. Conversely, zones 1 and 3 indicate the negative effects of a 
weaker cooling with a longer fill time, hence noted in the entire plan; their common geometric property is a 
higher surface-area-to-volume ratio, which is related to the cooling rate and may help explain the above 
singularity. 
 
4 Validation and additional insights 
Although the need to reduce the solid fraction at the end of the fill is widely recognized in literature, 
simulation and experimental results help select the right approach to reach this goal. Specifically, three clues 
have been gathered: a) reducing fill time appears to have a higher priority than increasing the die surface 
temperature; b) spray cooling should be kept to a minimum, thus the die surface temperature is to be 
primarily controlled by the design of the cooling channels and the related parameters; and c) metal streams 
with narrow front sections are most likely less affected by the premature solidification from the flow 
turbulence. 
In an attempt to validate these criteria, the case study has been further developed for a second version of the 
boiler casing with similar sizes and form details (Fig. 13). Based on the issues raised by the first version, the 
cold flow defects were expected to be somewhere in the primary wall (zone 1′) and in two critical form 
details (zones 2′ and 3′). The opportunity to set up the process for a new product is allowed to repeat the 
entire design cycle, verify that the flow defects can be reduced through the process choices, and collect 
further guidelines to be applied to the part and die design. 
 
4.1 Process improvement 
The increase in the flow rate through the gates can be noted as a priority based on the simulations and 
experimental tests. For a new die, this objective cannot be achieved through an increase in the gate velocity 
because additional defects from the die erosion would offset the reduction in the cold flow defects. A more 
proper action is to increase the total gate area and set the pressure and plunger velocity so that the gate 
velocity is well within its acceptable interval (lower bound for flow atomization, and upper bound for limited 
die erosion). For the part studied, the additional edge length available for gating on the central aperture 
allowed the gate area to increase by approximately 50% without increasing the gate thickness, thus avoiding 
additional trimming difficulties. 
The gating system for the new die retained the basic configuration of the previous version to avoid additional 
concerns for part quality (e.g., increased flow distances, visible gate vestiges, poor air venting, and 
obstructions to the metal flow). The detailed gate design required three primary iterations using simulation to 
predict the possible flow and cooling problems during the cavity fill. In the first iteration, the number of 
gates was increased to five to allow a direct fill of zone 4, which is critical for surface appearances; as an 
alternative, as few as three gates would have involved in stagnation problems and trimming difficulties due 
to the larger gate widths. Therefore, the metal temperature was found to be more uniform over the entire 
cavity but the flow was still poorly balanced and indicated excessive velocities from the gates near zone 3 
(Fig. 14a and Fig. 14b at different times during the fill) as well as early clogging of the nearby vacuum valve. 
In the second iteration, the profile of each gate was redesigned in an asymmetric shape, thus improving the 
flow balancing; however, zone 1 was still affected by the air entrapment and turbulence problems. These 
were solved in the third iteration by introducing a slight asymmetry in the angular locations for all of the 
gates, which also allowed the overflows to fill earlier and reduce the additional turbulence due to the flow 
impacts. 
The cooling channels were designed with the primary objective of avoiding hot spots, which were previously 
located at the bosses and ribs on the bottom side of the casting. The reason behind this selection is to avoid 
an intense spray cooling in those regions, which is consistent with the above discussed criterion. A few 
simulation iterations suggested the need for an additional fountain on the ejector die half. 
As a result of the design selections in the gating and cooling systems, the simulation confirmed a 
considerably uniform distribution of the metal temperature at the end of the fill (Fig. 15). The cold spots 
were only predicted in zone 3, where a lower number of cold flow defects had been observed in the 
experimental tests and explained as a beneficial side effect of the narrow flow sections. The gate velocities 
were estimated at approximately 45 m/s, which is far from the acceptability limits and yet allows the cavity 
to completely fill in 14 ms and solidification to occur in approximately 2 s. Consistently, the castings 
produced by the new die demonstrated a significant improvement in the surface integrity. As indicated in 
Figs. 16 a), b) and c), the flow defects were nearly absent in all zones highlighted in Fig. 13. As it can be 
noted in Fig. 15, the simulated temperatures at the end of the fill in the same regions of the casting are well 
above 415°C, a safety level compared to the defective areas in the first version of the casting (Fig. 7). The 
new process resulted in a negligible rate of rejects. 
 
4.2 Design for surface integrity 
The design of die castings must follow well-known rules to avoid structural defects and cost overruns. The 
issues faced during the design of the gating system allowed the identification of additional rules for the 
reduction of cold flow defects on parts with special aesthetic requirements. As a first consideration, the 
balancing of metal flows from different gates should be given careful consideration. This need has already 
been noted in Fig. 14b, where defects from excessive flow atomization were predicted from the high 
velocities at certain gates. Similar effects are likely to arise when the gates are placed on multiple planes, 
which are common in the presence of stepped parting lines; in addition to trimming difficulties, often cited in 
literature, this may involve different flow distances from different gates, with the possibility of excessive 
energy losses occurring from certain gates. Gate balancing can help achieve smooth junctions among the 
flows, at least in those regions of casting surface where appearance is critical (Fig. 17a); if the gate areas are 
incorrectly selected, turbulence due to splashes and backfills can be expected (Fig. 17b). For the same 
reason, as already discussed in Fig. 8, flows should never meet perpendicularly to the overflow gates. 
Assuming that the junctions between the opposing streams need careful attention, their source is typically 
identified in the branching of the flow at cores or similar obstructions. The case study has indicated that 
preferential flow paths are additional sources, even within an individual stream from a gate. These can occur 
due to the velocity gradients from a tangential runner, which is close to the part edges (Fig. 18a) as well as 
the presence of particular form details in the casting; these include stepped edges where the molten metal 
runs faster due to restricted flow sections (Fig. 18b) and corners where metal fluidity tends to increase due to 
the locally higher die temperatures (Fig. 18c). Such effects are noted in the simulation, as indicated in the 
rightmost part of Fig. 14b, where the flow appears to move forward at the corners and the edges. 
Other critical features to be considered are thick walls directly connected to the gates, as in zone 1 of Fig. 4a, 
where the flow turbulence has been noted on both versions of the casting. The simulation of the metal 
temperature and the velocity vectors indicates that the sharp increase in the thickness from the gate to the 
wall (0.45 to 3 mm) causes a separation of the boundary layer (Fig. 19a) followed by a turbulent backfill 
(Fig. 19b). Furthermore, it has been noted that additional turbulence can occur due to multiple separations of 
the boundary layer at sharp bends close to a gate (Fig. 19c). To avoid them, the flow should be slowed down 
through a proper choice of the bend angles (Fig. 19d), a reduction in the gate velocity (Fig. 19e), or design of 
non-functional features, such as ribs to intercept the flow (Fig. 19f). If these solutions are not feasible, 
separations can still be avoided by changing the location of the gates (Fig. 19 g). 
Based on a well known design rule, the gates should be located on straight edges to allow an easy removal 
from the casting. This is also advisable for a reduction of the cold flow defects because it allows the 
tangential runners to be widened to properly direct the melt streams and reduce the occurrence of weld lines. 
When straight edges are not available, positioning the gates on high-curvature edges should be avoided. In 
such cases, the tapered sections required to control the flow direction would impose an awkward profile 
where the boundary layer separation and backfill would be inevitable (Fig. 20a, see also simulation results in 
Fig. 6a); this would result in air entrapment as well as turbulence and pressure drop with the risk of 
cavitation for the zinc alloys. A redesigned profile would avoid this problem (Fig. 20b) at the price of 
increased material loss and additional trimming difficulties. 
 
5 Conclusions 
The study of an industrial case using process simulation and experimental tests has led to the following 
guidelines for the reduction of cold flow defects in zinc die castings: 
1) Simulation can help predict the occurrence of the cold flow defects. The basic condition that must be 
verified for this purpose is a uniform distribution of the metal temperature at the end of the cavity 
fill. However, temperature values seem to be less meaningful due to several sources of uncertainty 
(e.g., difficulty in including spray cooling in the simulation model). A secondary effect to be 
considered is the additional turbulence arising from the preferential flow paths, impacts between the 
opposing streams, delayed filling of the overflow wells, and boundary layer separation next to the 
gates and bends. 
2) Among the possible criteria related to the process parameters, the reduction in the fill time appears to 
have higher priority over the reduction of both the internal and external die cooling. When the fill 
time is not short enough, a weaker internal cooling could further worsen the surface integrity in those 
regions of the casting where a higher temperature drop is expected due to geometrical reasons. Such 
regions would otherwise involve less turbulence due to smaller flow sections, and thus show reduced 
numbers of the cold flow defects compared to the wider wall surfaces. 
3) In the design of the die, the increase in the total gate area is an effective choice to reduce fill time 
without increasing gate velocity, avoid unfavourable side effects (gas porosity related to turbulence, 
shrinkage porosity at gates), and the potential margins for increasing the gate width should be sought 
to keep the gate thickness below critical values. The location and profile of the tangential runners 
can also avoid splashes and vent obstructions by properly directing the melt streams. The cooling 
channels must be designed to avoid the formation of hot spots and thus reduce the amount of spray 
cooling. The successful application of the above criteria can be easily verified through process 
simulation. 
4) Available design-for-manufacture rules for die cast components should be extended by considering 
potentially critical situations for the cold flow defects. These include long flow distances, stepped 
parting lines, high-curvature leading edges, thick walls next to gates, multiple bends, and those 
feature that tend to create preferential flow paths (e.g., corners, edges next to gates, and stepped 
edges). 
Although they are derived from a single case study, the above criteria can be applied to a wider range of zinc 
castings with high aesthetic requirements. To better understand their advantages and limitations, these 
criteria are currently being verified on different part geometries and die configurations, which could help 
identify further issues that occur with more complex castings or particular form details. Future experimental 
investigations will include additional variables that were kept constant in this study (e.g., the composition 
and the initial temperature of the alloy) as well as a higher number of levels at least for the variables related 
to fill time. An additional objective is the reduction of the uncertainty on the simulation results, which will 
be pursued through more accurate models for die spray and heat transfer in cooling channels. The 
temperature measurements on the die surfaces will help evaluate and compensate the remaining systematic 
errors so that the actual values of the simulation parameters could be used in the prediction of the flow 
defects. 
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Figures 
 
Fig. 1: Schematic of the formation for cold flow defects: a) ideal situation; and b) incorrect welding of flows 
 
 
Fig. 2: Boiler casing for a commercial espresso machine (dimensions in mm) 
 
 
Fig. 3: Die-casting die for the boiler casing: a) die assembly; b) ejector die half; c) cover die half; and d) 
cooling channels 
 
 Fig. 4: Cold flow defects on the casting surface: a) defective zones; b) cold shuts in zone 4; and c) enlarged 
view of the cold shuts 
 
 
Fig. 5: Evaluation of the number of defects: a) sample image; and b) identification of the defects 
 
  
Fig. 6: Flow velocity at the beginning of the cavity fill: a) delayed fast shot; and b) excessive gate velocity 
 
 Fig. 7: Metal temperature at the end of the fill 
 
 
Fig. 8: Turbulence due to impact between the streams 
 
  
Fig. 9: Metal temperature at different injection velocities: a) low velocity; and b) high velocity 
 
 Fig. 10: Number of defects D [%] at different positions as a function of the velocity and the temperature 
(minimum lubrication) 
 
 
Fig. 11: m number defects D [%] at different positions as a function of the velocity and the temperature 
(maximum lubrication) 
 
 
Fig. 12: Interaction effects on D [%] from the minimum-lubrication subplans: a) zone 1; b) zone 2; and c) 
zone 3, d) zone 4 
 
 Fig. 13: New version of the boiler casing (dimensions in mm) 
 
  
Fig. 14: Flow velocity for a preliminary design of the gating system: a) at the beginning of the fill, and b) 
clogging of the vacuum valve 
 
  
Fig. 15: Gating system for the new die and end-of-fill metal temperature 
 
 Fig. 16: Reduction in the cold flow defects on the new casting: a) zone 1′; b) zone 2′; and c) zone 3′ 
 
 
Fig. 17: Balancing the gates to avoid cold flow defects: a) correct sizing and b) incorrect sizing 
 
 
Fig. 18: Preferential flow paths: a) part edges; b) stepped edges; c) corners 
 
 Fig. 19: Turbulence after a gate: a) layer separation; b) backfill c-d) causes of layer separation, and e-f-g) 
possible remedies 
 
 
Fig. 20: Issues with gates on curved edges: a) regularly sized runner and b) oversized runner 
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Tab. 2: Analysis of variance in the number of defects D [%] 
 
